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Project Overview 

Venkat Srinivasan, (Argonne National Laboratory), and Samuel Gillard (U.S. Department of Energy) 

 

The U.S. Department of Energyôs Office of Energy Efficiency and Renewable Energy (DOE-EERE) has 

identified fast charge ð with a goal of 15-min recharge time ð as a critical challenge to pursue in ensuring 

mass adoption of electric vehicles. Present-day high-energy cells with graphite anodes and transition metal 

cathodes in a liquid electrolyte are unable to achieve this metric without negatively affecting battery 

performance. There are numerous challenges that limit such extreme fast charging at the cell level, including 

Li plating, rapid temperature rise, and possible particle cracking. Of these, Li plating is thought to be the 

primary culprit. This project aims to gain an understanding of the main limitations during fast charge using a 

combined approach involving cell builds, testing under various conditions, characterization, and continuum-

scale mathematical modeling. Expertise from five national laboratories is utilized to make progress on the 

eXtreme Fast Charge Cell Evaluation of Lithium-ion Batteries (XCEL) project. 

 

Cells are built at the Cell Analysis, Modeling, and Prototyping (CAMP) Facility at Argonne National 

Laboratory (Argonne) using various carbons and different cell designs, in both half-cell and full-cell 

configurations and with reference electrodes. Cells are tested at both Idaho National Laboratory (INL) and 

Argonne under various operating conditions (e.g., C-rate, temperature) and under different charging protocols 

with the aim of identifying the onset of plating, quantifying the extent of the problem, and determining 

parameters and test data for mathematical models. After testing, cells are opened, and various advanced 

characterizations are performed at Argonne to determine the extent of plating and to determine whether other 

failure models, such as particle cracking, also play a role. 

 

A critical part of the project is the use of continuum-scale mathematical models so XCEL participants can 

understand the limitations at high charge rates and, therefore, suggest possible solutions that can be pursued. 

Both macro-scale approaches and microstructure-based simulations are pursued and serve to complement each 

other. Macromodeling at the National Renewable Energy Laboratory (NREL) is used to test cell designs, 

accompanied by microstructure models to provide deeper insights into the electrochemical phenomena in the 

battery. This effort is complemented with development of models incorporating new physics, such as phase 

change and solid-electrolyte interphase growth, at Argonne. 

 

Two exploratory projects aim to study ways to detect Li in situ during operation. NREL is pursuing the use of 

microcalorimetry to detect heat signatures during plating. INL is working with Princeton University to 

examine the use of acoustic methods to determine whether plating leads to a signature in the acoustic signal. 

 

Finally, the SLAC National Acceleratory Laboratory is using synchrotron X-ray methods to guide the cell 

design and charging protocols of extreme fast-charging Li -ion battery cells, and Lawrence Berkeley National 

Laboratory (LBNL)  is investigating the initial onset of Li plating during fast charging and developing a 

strategy to detect it. 
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XCEL R&D: CAMP, Testing, Post-test Characterization, and Modeling 

(Argonne National Laboratory) 

Contributors: Alison Dunlop, Andrew Jansen, Dave Kim, Bryant Polzin, and Steve Trask (Argonne) 

Introduction 

 

The Cell Analysis, Modeling, and Prototyping (CAMP) Facility continues to support the XCEL Programôs 

objective of identifying and mitigating causes of lithium plating at fast charge (>4C) in single-layer pouch 

cells. Efforts in fiscal year (FY) 2018 demonstrated that the choice in graphite did not significantly affect the 

ability to cycle under fast charge conditions (6C charge, C/2 discharge) τ all six of the selected graphites were 

able to achieve 750 cycles with 80% capacity retention, using a 2-mAh/cm² graphite loading. A decision was 

made to use SLC1506T graphite from Superior Graphite as the baseline graphite material, and NMC532 as the 

baseline cathode material. More than 70 single-sided, single-layer pouch cells were fabricated in the Round 1 

cell build using a 2-mAh/cm² graphite loading and delivered to lab partners (INL, Argonne, and NREL) for 

fast-charge testing with a nominal capacity of 19 mAh. Prescreening of anode-cathode pairs with varying 

electrode capacity loading indicated that loading levels above ~2.5 mAh/cm² were not able to charge at a true 

6C rate. Thus, the next pouch cell build was designed with a graphite loading of 3.0 mAh/cm². A total of 48 of 

these Round 2 pouch cells were delivered to Argonne, INL, and NREL for testing. These two cell builds are 

now considered the baselines for the XCEL Program.  

 

Objectives 

 

The goal of the FY 2019 work is to explore methods of preventing lithium plating via modifications to the 

electrode architecture. Ideally, the negative and positive electrodes should have low tortuosity to enable fast 

lithium ion transport to and from the active material closest to the current collector, while maintaining low 

porosity to maintain high energy density. In addition, the CAMP Facility will support the DOE-EERE-VTO 

FOA and Lab Call projects and teams that are focused on developing methods of detecting lithium plating.  

 

Approach 

 

In FY 2018, the CAMP Facility developed two single-layer pouch cells to benchmark the fast charge 

capabilities of a typical lithium-ion battery, with the main difference between the cells being electrode loading. 

These two electrode/cell designs will be used as the baseline designs for this program in FY 2019. The details 

of the two cell designs are as follows: 

 

Round 1 pouch cells were assembled with 14.1 cm² single-sided cathodes (0.145 grams of NMC532 per pouch 

cell) and 14.9 cm² single-sided graphite anodes (SLC1506T from Superior Graphite) using Celgard 2320 

separator (20 µm, PP/PE/PP) and 0.5 mL of Tomiyama 1.2 M LiPF6 in EC:EMC (3:7 wt%) ñGen2ò electrolyte 

for an electrolyte-to-pore volume factor of [tbd]. The n:p ratio is between 1.12 to 1.22 for this voltage window 

(3.0 to 4.1 V). After assembly, the pouch cells underwent formation cycles at ~4 psi in the 3.0- to 4.1-V 

window as follows: 1.5 V tap charge and hold for 15 minutes, followed by a 12-hour rest, and then three cycles 

at C/10, followed by three cycles at C/2. The cells were then brought to a safe state of charge by constant 

voltage charging to 3.5 V for 6 hours, and then degassed, and prepared for shipping/delivery to the battery test 

labs. A nominal C/3 capacity of 19 mAh was recommended for future tests.  

 

Round 2 pouch cells were assembled with 14.1 cm² single-sided cathodes (0.236 grams of NMC532 per pouch 

cell) and 14.9 cm² single-sided graphite anodes (SLC1506T from Superior Graphite) using Celgard 2320 

separator (20 µm, PP/PE/PP) and 0.615 mL of Tomiyama 1.2 M LiPF6 in EC:EMC (3:7 wt%) ñGen2ò 
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electrolyte for an electrolyte-to-pore volume factor of 4.20. The n:p ratio is between 1.07 to 1.16 for this 

voltage window (3.0 to 4.1 V). Figure 1 details the electrode composition and design parameters for the 

Round 2 electrodes. The formation process was the same as that used in assembling the Round 1 cells. A 

nominal C/2 capacity of 32 mAh was recommend for future tests. 

 

Figure 1. Electrode composition and design parameters for Round 2-Batch 1 pouch cell design.  

The Round 1 electrodes were made with the same composition but had less mass loading (and thickness). 

 

Results 

 

(1) Fabrication of Lithium I ron Phosphate (LFP) and Nickel-Manganese-Cobalt (NMC) 
Pouch Cells for Cross-Talk Study 
 

A study is underway at Argonne to determine the effect of electrode ñcross-talkò (e.g., transition metal cross-

over) during fast charge. Ideal cathode electrode choices in this study were determined to be lithium iron 

phosphate (LFP) and NMC532. Oak Ridge National Laboratory researchers volunteered to coat the LFP 

electrode based on their prior experience working on this electrode system. The LFP cathode was made with a 

loading to match the XCEL Round 1 anode baseline. The CAMP Facility fabricated, formed, and then 

delivered 8 LFP single-layer pouch cells (xx3450 format) and 8 NMC532 single-layer pouch cells to 

Argonneôs Electrochemical Analysis and Diagnostics Laboratory (EADL) and Post-Test facilities for 

electrochemical testing and post-test analysis. Figure 2 shows the voltage profiles during formation for a 

typical pouch cell of LFP and NMC532, and the photo in Figure 3 shows the pouch cells delivered by the 

CAMP Facility. 

  

Cathode: LN3107-189-3 
90 wt% Toda NMC532 
5 wt% Timcal C45 
5 wt% Solvay 5130 PVDF 
 

Matched for 4.1V full cell cycling 
Prod:NCM-04ST, Lot#:7720301 
Single-sided coating, CFF-B36 cathode 

Al Foil Thickness: 20 µm 
Al Foil Loading: 5.39 mg/cm2 
Total Electrode Thickness: 91 µm 
Coating Thickness: 71 µm 
Porosity: 35.4 % 
Total Coating Loading: 18.63 mg/cm2 
Total Coating Density: 2.62 g/cm3 
 

Made by CAMP Facility 

Anode: LN3107-190-4A 
91.83 wt% Superior Graphite SLC1506T 
2 wt% Timcal C45 carbon  
6 wt%  Kureha 9300 PVDF Binder 
0.17 wt% Oxalic Acid 
 

Lot#: 573-824, received 03/11/2016 
Single-sided coating, CFF-B36 anode 

Cu Foil Thickness: 10 µm 
Total Electrode Thickness: 80 µm 
Total Coating Thickness: 70 µm 
Porosity: 34.5 % 
Total SS Coating Loading: 9.94 mg/cm2 
Total SS Coating Density: 1.42 g/cm3 
 

Made by CAMP Facility    
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Figure 2. Typical voltage profiles during formation of LFP vs. graphite (left) and NMC532 vs. graphite (right) single-layer 

pouch cells fabricated and formed by the CAMP Facility for cross-talk study during fast charge. 

 

 

Figure 3. Photo of the LFP and NMC532 single-layer pouch cells for transition metal cross-talk study  

that were fabricated and formed by the CAMP Facility and delivered to Argonneõs EADL  

for cycling and post-test analysis. 

 

(2) Development of Structured Graphite Electrodes ï Freeze Casting by LBNL 
 

Freeze casting of the negative electrode is a unique method to create an electrode structure with very low, 

almost ideal, tortuosity. LBNL has this capability and has agreed to create electrode samples using the 

SLC1506T graphite material, which has been sent to them by Argonne. Earlier in FY 2019, LBNL was able to 

make a trial coating with the SLC1506T graphite and affix it onto copper foil, which they then sent to Argonne 

for testing. While this electrode had near-perfect tortuosity with straight electrolyte paths to the copper current 

collector, its high porosity and low mechanical robustness needed to be improved. Argonne provided LBNL 

with suggestions to improve the binder composition and slurry mixing process. LBNL successfully created a 

second trial batch, which was provided to Argonneôs CAMP Facility for testing in coin cells. As Figure 4 

shows, the porosity and mechanical strength were significantly improved.  
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A comparison of the electrode properties is made in Table 1. Coin cells were assembled with 13-mm-diameter 

LBNL freeze-cast graphite electrodes versus lithium metal (with a 15.6-mm diameter) using the Celgard 2320 

separator (20 µm, PP/PE/PP) and Tomiyama 1.2 M LiPF6 in EC:EMC (3:7 wt%) ñGen2ò electrolyte. Two 

duplicate coin-cells were made and were then cycled in the 3.0- to 4.1-V window with three formation cycles 

at C/10, followed by a rate performance test at C/10, C/5, C/2, 1C, and 2C delithiation and C/10 or C/5 

lithiation cycles. The initial capacity of this second batch of freeze-cast electrodes was very similar to the 

capacity of the first batch and the baseline XCEL anodes. Unfortunately, despite the improved mechanical 

properties, this second batch suffered a rapid capacity fade τ the reason for which is being explored further. 

 

  

Figure 4. Scanning electron microscopy (SEM) image of the surface of first trial (left) and second trial (right) freeze-cast 

electrodes from LBNL made with the SLC1506T graphite. 

 

Table-1: Comparison of Anode Formulations. 

Superior Graphite 1506T 

Electrodes 

Total 

Electrode 

Thickness 

(µm) 

Bare Cu 

Thickness 

(µm) 

Coating 

Thickness 

(µm) 

Total 

Coating  

Loading 

(mg/cm²) 

Total 

Coating 

Density 

(g/cm³) 

Porosities 

(%) 

LBNL Freeze Cast I 300 15 285 12.8 0.34 ~80.0 

LBNL Freeze Cast II 127 10 117 11.7 0.998 ~58.3 

A-A015 (XCEL-R1) 57 10 47 6.38 1.36 ~37.4 

LN3107-190-4A (XCEL-R2) 80 10 70 9.94 1.42 ~34.5 

 

(3) Pressure Study 
 

The effect of pressure on the formation of lithium dendrites during fast charge was investigated in a scoping 

experiment using single-layer pouch cells with Round 2 electrodes. Initial concerns centered on the label 

applied to the cells causing a pressure high spot on the center of the cell during cycling that could favor the 

formation of dendrites. In this study, the label was removed and four randomly selected plastic letters were 

located across the face of the pouch cells, which were then mounted in a pressure fixture. It is estimated that 

the pressure under the letters would be near 60 psi (typical testing pressures used in the XCEL Program are 

near 4 psi). Three cells were cycled at a 6C charge rate (after formation): the first was cycled for 250 cycles, 

the second for 5 cycles, and the third for 1 cycle. The cells were disassembled and the anodes were visually 

inspected for signs of atypical lithium plating. These results are best summarized in the photos depicted in 

Figure 5. 
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Figure 5. Photographic summary of pressure study scoping test for Round 2 pouch cells. From left to right: letters  

used to apply pressure, anode after 1 fast charge, anode after 5 fast charges, and anode after 250 fast charges. 

 

It is clear that lithium plating can occur during the first cycle. While it does appear that the letters do leave an 

image on the plated lithium surface, this result occurs because the letters are pressing the mossy lithium 

surface into a flat shiny surface. To prove this point, the letters were physically pressed onto blank sections of 

the plated lithium surface to leave identical images. This result can be seen in the photo for the anode cycled 

for 5 fast charges in Figure 5 (third from left). The cathodes were later supplied to Argonneôs Post-Test 

Facility for further analysis.  

 

Conclusions 

 

The CAMP Facility successfully fabricated single-layer pouch cells using LFP and NMC532 cathodes for the 

cross-talk study. These cells were formed and delivered to Argonneôs EADL and Post-Test Facilities for 

testing and analysis. The second batch of freeze-cast anodes from LBNL were tested. A scoping study on the 

effects of applied cell pressure indicates that pressure has a minor influence on lithium plating. As in the 

previous quarter, the CAMP Facility continued to support several fast charge teams this quarter by supplying 

requested powders, electrode sheets, and pouch cells. Many of the cell builds were fabricated ñjust-in-timeò for 

beamtime experiments at Argonneôs Advanced Photon Source and LBNL. Technical data and electrochemical 

results were provided to all team members as needed to aid in their experiments and modeling efforts. 

 

Key Publications 

 
Tanim, Tanvir, Eric Dufek, Michael Evans, Charles Dickerson, Andrew Jansen, Bryant Polzin, Alison Dunlop, 

Stephen Trask, Ryan Jackman, Ira Bloom, Zhenzhen Yang, and Eungje Lee, ñExtreme Fast Charge Challenges 

for Lithium-ion Battery: Variability and Positive Electrode Issues,ò submitted to J. Electrochem. Soc.  

 

Colclasure, A.M., A.R. Dunlop, S.E. Trask, B.J. Polzin, A.N. Jansen, and K. Smith, ñRequirements for 

Enabling Extreme Fast Charging of High Energy Density Li-Ion Cells while Avoiding Lithium Plating,ò 

J. Electrochem. Soc. 166 (8) A1412ïA1424 (2019). 
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XCEL R&D: Extreme Fast Charging (National Renewable Energy Laboratory) 

Contributors: Matthew Keyser, Kandler Smith, Shriram Santhanagopalan, Francois Usseglio-Viretta, 

Weijie Mai, and Andrew Colclasure (NREL) 

Background 

 

This report summarizes NRELôs third quarter work in FY 2019 in five areas: 

 

1. Macro-homogeneous modeling updates 

2. Simulation of microstructure heterogeneities  

3. Electrolyte characterization and modeling of interfacial behavior 

4. Electrode architecture optimization with secondary pore network (SPN) 

5. Measurement of graphite electrode and NMC polycrystalline heterogeneities 

 

Through electrochemical transport/reaction modeling at several different length scales, NREL is exploring how 

to best design electrodes for fast electrolyte transport and to minimize degradation and lithium plating. Macro-

scale models rank the relative benefits of how much charge batteries employing different design/thermal 

control strategies can accept at the 6C constant current rate. One of the compelling strategies is to introduce 

secondary pores into the electrode to provide fast channels for through-plane electrolyte transport. A two-

dimensional (2D) mesoscale model explores this design space. Microstructure models explore the role of 

different microstructures in suppressing the Li plating side reactions. Experiments and modeling are underway 

to improve understanding of electrolyte interfacial behavior at extremely high salt concentration levels (5 M 

versus the typical 1.2 M LiPF6 in solvent). Data analysis is being performed on previous diagnostic 

experiments that measured graphite electrode state-of-charge heterogeneity in operando at the 6C rate, as well 

as microscopy that resolved the polycrystalline architecture of NMC particles responsible for fracture under 

high C-rates. 

 

Results 

 

(1) Macro-homogeneous Model Updates 
 

NREL continues to refine its macro-homogeneous electrochemical model as new data become available from 

the XCEL team. The addition of multiphase graphite transport is underway. Initial comparisons have been 

made to beamline X-ray diffraction (XRD) data that resolve Li concentrations across a 100-ɛm electrode 

thickness in operando during 6C charging. Initial comparisons are reasonable; however, secondary effects are 

present, and the team is working to further understand them and decouple resultant signals in the data. For 

instance, lithium plated during the first 6C charge event appears to block (de)intercalation on subsequent 

discharge and charge events of the electrode. Separately, NREL has added Li plating reaction to its model and 

is working with the University of California at Berkeley to compare predictions of plated Li to their Round 1 

coin cell experiments. In those experiments, UC-Berkeley followed electrochemical cycling with destructive 

tests in which graphite electrodes are injected with water in an air-free environment and the amount of 

hydrogen gas evolved is measured via mass spectroscopy and correlated with dead lithium. Figure 6 shows 

example modeling results. At the 4C rate, the model predicts 4,000 nMoles plated Li versus 2,500 nMoles 

measured during experiment after the third cycle. Li stripping will be added to the model to further refine 

predictions and improve agreement.  
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Figure 6. Simulation predictions of Li plated after three cycles  

of fast charging of Round 1 cells at various C-rates. 

 

(2) Simulation of Microstructure Heterogeneities 
 

Electrochemical performance under fast charge is strongly correlated with microstructure architecture and 

particle morphology. In order to quickly investigate the geometries of various electrode microstructures and 

reduce expensive experimental imaging, NREL developed a 3D microstructure generation algorithm in 

MATLAB. The resulting geometries are then simulated with NRELôs 3D microstructure-scale electrochemical 

model to investigate strategies to suppress Li plating. The model indicates that particle alignment and dual-

coated bi-layer electrode architectures are two strategies that can significantly delay lithium plating (Figure 7). 

Particle-size heterogeneity should be limited as it induces an earlier lithium plating compared with unimodal 

particle-size distribution. A first journal article, focused on the numerical side of the electrochemical model, is 

soon to be published. In addition, NREL is continuing to develop an open-source microstructure analysis 

toolbox (Figure 8), which covers a wide range of microstructure-related numerical analysis relevant for 

different heterogeneous materials (lithium ion batteries [LIBs] and fuel cell electrodes, for instance). The code, 

embedded in a user-friendly, graphical user interface, is planned to be published in 2019. In addition, the tool 

has been used to investigate LIB electrode particle morphology and pore topology and their impact on the 

tortuosity factor (and thus on ionic transport limitation under fast charging). A second journal article is under 

preparation. 
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Figure 7. Impact of graded architecture (dual-coating) on lithium plating onset  

under fast charge condition. 

 

 

 

Figure 8. NREL microstructure analysis toolbox. 
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(3) Electrolyte Characterization and Modeling of I nterfacial Behavior 

 

With screening of new electrolyte candidates for fast charge, the local concentration of charge carriers within 

the electrolyte and its implication on impedance buildup are important factors to consider. For instance, using a 

5M solution of LiPF6 in the Gen-2 solvents to boost transport properties under a 6C charge rate results in steep 

gradients in the salt concentration across the interface, which, in turn, results in surface energies that differ 

from the typical Gen-2 electrolyte recipe. In the last quarter, we used wetting speed measurements to quantify 

these differences in different solvents and salt concentrations. In electrolytes with a higher dielectric constant, 

these changes are more pronounced (implying additional surface impedance at higher concentrations). These 

results were incorporated into the macro-homogeneous electrochemical model as a surface energy correction 

term to the exchange current density in the rate expression. Next steps involve (1) performing case studies 

using the model to obtain upper and lower bounds on electrolyte wetting (and hence viscosity) to maintain 

adequate transport while minimizing interfacial resistance buildup and (2) down-selecting electrolyte 

compositions with the best likelihood of reaching target properties.  

 

(4) Electrode Architecture Optimization with Secondary Pore Network (SPN) 

 

Extreme fast charging of high-energy thick electrodes is significantly limited by poor electrolyte 

transportation, which can be alleviated by (1) using an electrolyte with improved transport properties, 

(2) increasing the charging temperature, or (3) using electrodes with advanced architectures. NREL has 

developed a diffusion-only analytical model as well as a multiphysics numerical model to investigate the effect 

of secondary pore networks (SPNs) to provide a fast transport ñhighwayò across the electrode thickness 

direction. The analytical model serves as a prescreening tool of the key design parameters of SPNs. The 

numerical model further refines the design space of SPNs by incorporating nonlinear material properties of a 

graphite/NMC532 cell. Adopting the cell energy density after 6C constant-current charging as the optimization 

objective, the numerical model predicts that SPNs are most effective when both the secondary channel and the 

porous matrix are narrow, such that a high-volume fraction of SPNs can be used to boost through-plane 

diffusion without adversely affecting the in-plane diffusion. Combining elevated charging temperature (45 ᴈ) 

with optimal SPN design, the model shows that the volumetric discharge energy density of a 3-mAh/cm2 cell 

can reach 270 Wh/L after a 6C constant-current charging (Figure 9). A series of papers on NRELôs findings of 

the effect of SPNs are under preparation. \ 

 

  

Figure 9. (left) Schematic of secondary pore network (SPN)  

and (right) maximum achievable volumetric energy density  

of a graphite/NMC532 cell with various cell loadings  

and electrode porosities at 45 ᴈ. 
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(5) Measurement of Graphite Electrode and NMC Polycrystalline Heterogeneities 

 

High-speed and high-resolution XRD was carried out along the depth of a graphite electrode during fast charge 

(6C) and discharge (2C). We have quantified the evolving gradient of state of charge (SOC) as a function of 

depth and time, and have identified the formation of Li plating. We have found that Li plating develops as a 

function of depth, with the highest quantity being observed near the separator and reaching up to 15 µm below 

the surface of the electrode. We observed severe underutilization of the electrode with regions close to the 

current collection not receiving any lithium at all, as shown in Figure 10 at depths >80 µm. Our ongoing work 

involves relating the formation of Li metal with the rate of formation of the fully lithiated LiC6 phase to 

determine whether there is a correlation. We are also investigating the reversibility of the Li plating by 

quantifying the change in Li signal over many cycles at different rates. 

 

We have started a project that aims at developing an experimental and analysis toolbox that can quickly map 

out the distribution and orientations of subparticle crystal grains in cathode materials such as NMC. Electron 

back scatter diffraction (EBSD) can map out the orientation of grains from cross sections of NMC particles as 

shown in Figure 10. We have created a software that reads the EBSD data, identifies grains, segments the 

grains and their grain boundaries, quantifies the shape and size of the grains, and quantifies the distribution of 

grain orientations. We have observed that the NMC532 particles have grain structures that are suboptimal for 

lithium transport. The distribution and orientation of grains leads to a subparticle tortuosity and lithiation 

heterogeneity. We are currently refining our analysis method and are attempting to extend this analysis to 3D 

with 3D EBSD datasets. In FY 2020, this geometry will be applied in a fully resolved NMC primary/secondary 

particle model describing Li transport, mechanical stress, fracture, and cracking under fast charge. 

 

 

Figure 10. (left) In operando measurement of local graphite SOC using XRD,  

and (right) mapping of NMC anisotropic polycrystalline architecture using EBSD. 

 

Conclusions 

 

The macro-homogeneous model was updated with multiphase graphite transport behavior and a Li-plating side 

reaction. Initial comparisons were made to data, and a Li-stripping reaction will be added in the next quarter. A 

series of two journal articles are being prepared on SPNs. Combining elevated charging temperature (45 ᴈ) 






















































